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Abstract 
Prior to the very first pilot injection in a test site in west Taiwan, a characterization well (M-1) with a vertical depth up to 3000m 
underground is regarded necessary to investigate the geological condition and allocate the exact depth and thickness of target 
formations. The drilling of the upper half section of the 3000m drilling, from surface to depth of 1500m, has been completed by 
August/2012. Cutting material had been collected for obtaining less informative geological data. By November 14, 2013, after 
reaching the 3000m drilling target, an overall 1379m long (92% core recovery out of 1505-3005mRT) rock cores at the lower 
half section of the 3000m drilling containing the major target cap rock (C Formation) and reservoir rock (K Formation) were 
continuously recovered. Most of the recovered cores had been extensively tested and analyzed to evaluate the basic properties 
regarding rock injectivity and integrity for evaluating the carbon storage potential. The general project findings of M-1 pilot 
characterization well demonstrate that the feasibility of the preferred test site. However, it has been noted that frequent changes 
of thin layers of sandstone and shale reflect a storage mechanism exhibiting an intra-formational seal nature of the studied 
sedimentary foreland basin. According the drilling investigation, it is recognized that the site is not only suitable for a small 
amount pilot injection test but also a commercial developing potential site for large amount carbon storage in a deep saline 
aquifer. However, the typical intra-formational thin reservoirs may constitute a major challenge for the future sequestration 
design and operation. 
 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
Keywords: pilot test project; 3000m characterization well; core test; intra-formational seal 
 
 
* Corresponding author. Tel.: +886-2-87919198 ext. 351; fax: +886-2-87911213. 
E-mail address: yu1014@sinotech.org.tw. 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
5072   Chi-wen Yu et al. /  Energy Procedia  63 ( 2014 )  5071 – 5082 
 
1. Introduction 
 
To comply with the government policy regarding the abatement of climate change and deployment of carbon 
reduction, Taiwan Power Company (herein after referred as Tai-power) had planned a CCS road map [1] since 2008. 
Several research projects[2, 3, 4], including (1) Development of geological data base development and site screening 
for candidate carbon sequestration reservoirs, (2) On-site  investigation  and  planning  for  a  preferred  carbon  
sequestration reservoir, and (3) Development a two-phase test facility, have been aimed and conducted to mandate 
the carbon sequestration development of Tai-power. 
A subsequent project [5], entitled as “On-site investigation and planning for a pilot test program in a preferred 
carbon sequestration reservoir  (Phase-1)”, is carried out by Sinotech Engineering Consultants, Inc., entrusted by 
Tai-Power since Late 2011, mainly to connect  the  previous  project  developments  mentioned above and intend to 
develop a pioneering 3,000 m deep characterization well [6,7] to characterize the geological condition for possible 
cap and reservoir rock formations prior to the pilot injection. 
The characterization well, namely TPCS-M-1 well or M-1 Well, with a vertical depth up to 3000m 
underground is to investigate the geological condition and allocate the exact depth and thickness of target formations. 
Results of the projects will indicate if the rock formations located deep down a deep saline aquifer and within the 
Tai-Hsi Foreland Basin are feasible for the pilot carbon injection test research purpose. Main  contractual working  
items  in  this Phase-1 project consist of (1) A 3,000m  drilling,  (2) Well logging, (3) On-site rock core treatment, (4) 
Rock core analysis and evaluation, (5) Construction of geological model,  (6)  Lab. test and rock injectivity 
assessment,  (7)  Carbon injection scenario analysis,  and  (8)  Baseline data collection. Fig. 1 shows the geological 
profile of Tai-hsi Basin and the relative location of M-1 well. 
 
 
 
Fig. 1. Geological profile along Southern flank of Tai-hsi Foreland Basin and location of test site 
 
2. Drilling scheme and results  
 
2.1 Well design of 3000m pilot drilling 
 
Due to the lack of sufficient existing geological exploration data, the design of the M-1 Well was based mainly 
on the results of an on-site, high resolution 2-D seismic reflection survey, previously carried out in 2011(Ko et al. 
2013). The well design of the characterization well was based mainly on the results of a previous on-site, high 
resolution 2-D seismic reflection survey. The seismic data contained seven on-shore multi-directional seismic 
profiles with a total length of 17 km. Interpreted subsurface depth of target cap rock and reservoir rock by seismic 
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survey had been estimated in the depth range approximately from 2500m to 2600m. This indirect depth estimation 
can be verified and corrected by the drilling and rock core study. 
The pre-existing regional geological data showed the test site is located in a slightly and gently inclined young 
sedimentary basin with no significant faulting events, the dip direction of the bedding plane is to the East with a flat 
dip angle approximately at the ranges of 0~5 degree.  
Fig. 2 shows the slurry-circulation drilling rig of the first 3000m M-1 characterization well. The K-type rig is 
designed to be capable of reaching 5000 m deep in normal geological condition. The casing is designed with 4 parts 
including (1) Conductive Casing (0~20m, 20” O.D.), (2) Surface Casing (0~120m, 14” O.D.), (3) Intermediate 
casing (0~1500m, 9-5/8” O.D.), and (4) Production (Monitoring) Casing (1500~3000m, 5-1/2” O.D.) as illustrated 
in Fig. 3. The Production Casing is designed as a FRP type, in order to turn the M-1 Well from a characterization 
well into a monitoring well prior to injection operation.  
The cutting operation was designed from the ground surface to the depth of 1500m. Particularly, continuous 
core sampling from the depth of 1500m up to the 3000m bottom depth was designed to recover as much core as 
possible aiming at a thorough and precise understanding of the geological structure of reservoirs underlying the 
ground. 
 
  
Fig. 2. Drilling rig of the first 3000m M-1 characterization well Fig. 3. Design and completion of M-1 Well 
 
2.2 Drilling progress 
 
Starting in July 2012, the cutting drilling from surface sunk to depth of 1500mRT, was completed by 
August/2012 in just 2 weeks. Cutting materials had been collected and analyzed for obtaining supplementary 
geological data. By November 14, 2013, an overall 1379m long (92% core recovery out of 1500m interval) rocks 
cores at the lower half section of the 3000m drilling containing the target cap rock (CS Formation) and reservoir 
rock (KCL Formation) were continuously recovered.  
As depicted in Fig. 4, since September 2012, the 1,500m core drilling had been conducted successfully 
although a rather slow overall progress. All the cores in the drilling depth 1,505~3,005mRT had been sampled 
through a wire-line type PQ3 core sampling tool with a best monthly progress of 220m. Due to an unexpected 
broken-up of drilling rod in May of 2013, a roughly 3-month subsequent delay had happened in struggling with 
overcoming the differential stuck and by-pass efforts with a well sided tracked at 2451.4mRT. Fortunately, the 
averaged core recovery in the long run reached the level of 92% which met the drilling requirement as specified. As 
shown in Fig. 5, all the cores recovered from the drilling had been placed into 500 core boxes, maximum 3 meters in 
a box, and were carefully protected in a long-term manner against nature deteriorating. Fig. 6 shows the temporal 
well head of M-1 Well after completion. 
 
2.3 Well logging 
 
Two types of well logging had been carried out during the drilling progress by the Schlumberger team. The 
open-hole well logging was conducted in Suite-1 (120m-1500mbgl) and Suite-2 (1500m-3000mbgl), and Cased-
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hole well logging in Suite-3 (1500m-3000mbgl).  
Suite-1 and Suite-2 well loggings were carried out immediately after the drilling reached target depth of 1500m and 
3000m respectively. Suite-3 well logging was carried out when the casing works and subsequent cementing jobs had 
been done.  All the well logging results are very important for evaluating the down-hole geological variation, 
identifying boundary of major lithographic units, and assessing the cement bond integrity after the casing 
installation. Moreover, they can be served as the baseline data with respect to further investigation and injection test. 
Fig. 7 shows partly the results of Suite-2 open-hole well logging. The SP-mV logging shows strongly the influence 
of a 52m drill pipe left in hole from 2611m to 2663mRT. 
 
 
Fig. 4. Core drilling conducted successfully with a rather slow overall progress. 
 
 
Fig. 5. PQ3 size core obtained by M-1 drilling Fig. 6. Well head of M-1 Well after 
completion 
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Fig. 7. Typical open hole well logging raw data (Suite-2, depth 1500~3000mbgl) 
 
 
2.4 Core sampling 
 
Immediately after the cores recovered from the 3-m long core barrel in each run, series of on-site core 
treatment steps were implemented, including mud-cleaning, photo-taking, litho-facies interpretation, optic core 
image scanning (using smartCIS-1000), and physical core properties scanning (using MSCL).  
After careful inspection of certain amount of the recovered cores, relevant core had been chosen on-site as test 
specimens and quickly sent to the laboratory for testing and analysis 
It had been noted that frequent changes of thin layers of sandstone (SS) and shale (Sh) reflect an intra-
formational storage nature of the studied sedimentary foreland basin. Due to the young geological age (Pliocene to 
Early Pleistocene) and poor consolidation and cementation, most rock cores are prone to breakdown and much cares 
must be taken to protect the samples from disintegration. It is noted that the high SS/Sh alternations may constitute a 
major challenge for the future sequestration design and operation. 
 
2.5 Major rock type and formation boundary identified 
 
The outcome of the 3000m drilling provides relevant geologic data including the huge amount of cores, the 
lithologic change with depth, the well logging characteristics, the exact depth of available cap rock and reservoir 
rock, and upmost temperature, etc.  
By integration of the drilling data and intensive rock core study regarding the rock injectivity and integrity, the 
geological models for the application of CCS project within the basin can be defined with a much more precise 
manner than ever. 
The drilling results showed that the previous depth estimation of key formation boundaries must be corrected 
with a significant discrepancy, as shown in Table 1. Major rock core encountered can be grouped into 3 Types, 
including Sandstone(SS), Siltstone(St), and Sandy Siltstone(SSt).  
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Boundaries of Major Rock Formation (see Table 1) can be identified by examination of NN Fossil Zone as 
revealed in the rock core specimens. The results of depth estimation by CPC (CPC Corporation, Taiwan) are used 
for later test data interpretation and model simulation.  
 
 
Table 1. Top depth estimation of key formation boundaries 
Target 
Formation 
Name 
Pre-Drilling 
(by 2-D Seismic) 
On-Drilling 
(by Litho-faces) 
Post-Drilling 
(by Litho-faces + NN + well logging) 
Wang, 2011 Chen, 2013 CPC, 2013 Chen, 2014 CPC, 2014 
Well Depth from the rotation table (mRT) 
ᓐ≝ξቫ (TKS) 0 NA NA NA NA 
΢೽ڑើቫ(Upper CL) 841 NA 841 NA 841 
Π೽ڑើቫ(Lower CL) 1500 1,507 1717 1505 1717 
ᒸН।۟(CS) 2400 2,323.60 2,135.00 2020.8 2,135.0 
ങᛯڳࣳ۟(Upper KCL) 2500 2,397.60 2,295.00 2397.5 2,295.0 
ΜϤҽ।۟(S) missing 2,423.70 missing 2423.6 missing 
ᜢΘξࣳ۟(KDS) missing missing missing missing missing 
΢ᅽ୷ࣳ۟(SFC) missing missing missing missing missing 
ܿ֞ቫ(DK) missing 2,445.50 missing 2,445.5 missing 
ᢀॣξࣳ۟(KYS) 2650 2,472.20 2,450.00 2,472.2 2,450.0 
Ѻജ।۟(DL) 2750 2,568.80 2,577.00 2568.7 2,608.0 
чቧࣳ۟(PL) 2900 2,861.40 2,861.40 2843.6 2,800.0 
 
 
3. Rock core test  
 
3.1 Test items 
 
Most of the recovered cores with typical lithologies had been extensively tested and analyzed to evaluate the 
basic properties regarding rock injectivity and aquifer containment. The typical core specimens representing cap and 
reservoir rock formations had been analyzed to obtain the basic physical, chemical, hydraulic, and mechanical 
properties of intact rock.  
For the application of carbon injection in a deep saline aquifer, hydraulic properties associated with the rock 
voids is regarded particularly important. The major hydraulic properties on core specimen including absolute 
porosity, capillary threshold (entry) pressure, absolute and relative permeability were obtained by sophisticate lab-
scale test program.  
All the results are used to evaluate the general reservoir rock injectivity and cap rock integrity, aimed at 
obtaining the representative controlling parameters associated with the carbon plume migration study. Basically, 
evaluation of test results had been carried out with references to major rock type and all target formations.  
 
3.2 Reservoir rock injectivity 
 
Sandstone (SS) is generally regarded as the major reservoir rock. Basic hydraulic properties had been tested 
with various type of Sandstone sampled from the drilled cores. Fig. 8 shows the evaluation data of porosity and 
permeability with references to all target formations. In general, much of Sandstone has a porosity value higher than 
30% and a permeability value higher than 1 Darcy (1000 mili-Darcy or mD). These data showed that rock injectivity 
within SS can be ensured.  
Moreover, the rock injectivity can be further validated by CO2 injection tests using two-phase flow test facility 
with constant-flow or constant-pressure displacement method. Relative permeability of SS samples are obtained as 
shown in Table 1. Empirical models including van Genuchten (1980) [8] and Brooks & Corey (1964) [9] had been 
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adopted in curve-fitting the P-S and Kr-S curves.    
 
3.3 Cap rock integrity 
 
Capillary threshold (entry) pressure is an important factor in evaluating the cap rock integrity. It can be roughly 
evaluated from the entry pressure in a mercury intrusion test (MIT), or using the step wise gas injection test in a 
two-phase flow test facility using N2 or CO2 as injection gas (Ito, et al., 2010 [10]).  
Fig. 9 shows the 58 evaluation data of capillary threshold pressure plotted against rock porosity with references 
to main target formations. Similarly, the mechanical properties of the rock core had been extensively tested. Fig. 10 
shows the 150 evaluation data of rock strength plotted against static young’s modulus with references to main 
reservoir target formations. 
 
 
Fig. 8. M-1 well evaluation data of rock porosity and permeability 
 
 
  
Fig. 9. M-1 well evaluation data of capillary entry pressure  Fig. 10. M-1 well evaluation data of rock strength and modulus 
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4. Reservoir capability evaluation 
 
4.1 Identification of available reservoirs (commercial or basin scale; >1 Mt-CO2/yr) 
 
Based on the lithologic distribution of sandstone cores and the nature of their sedimentary environment, 
feasible reservoir candidates for storing the CO2 had been identified. Three sets of target formation serving as 
effective carbon storage aquifer can be found as shown in Table 2, including Reservoir-I, Reservoir-II, Reservoir-III 
respectively. In defining the areas of interest for the 3 reservoirs, some arbitral safe criteria had been adopted by 
taking into account for: (1) reservoir depth greater than 800m, (2) cap rock thickness greater than 30m, and (3) 
distance from inherent faults greater than 5 km.  
In a basin scale prospective, a total effective storage capacity for commercial use can reach up to 13 Gt-CO2 
(see Table 2). The potential areas of review (AOR, USEPA) of the 3 candidates are illustrated in Fig 11. It can be 
noted that the Reservoir-II in the middle depth of the investigated basin has the largest capacity from the data 
revealed by M-1 drilling.  
 
Table 2. Three effective carbon storage aquifers identified in the Tai-hsi Foreland Basin 
I.D. Unit Reservoir- I Reservoir-II Reservoir-III 
Target 
Formation 
Cap Rock Upper CL (΢೽ڑើቫ) 
CS 
(ᒸН।۟) 
TL  
(Ѻജ।۟) 
Reservoir Rock 
Lower CL 
(Π೽ڑើቫ) 
KCL 
(ਦԮ݅ቫ) 
KYS 
(ᢀॣξቫ) 
PL 
(чቧࣳ۟) 
Depth Range  (mRT) 1046 ~ 2623 1169 ~ 2971 1171 ~ 2999 1424 ~ 3000 
Grid (200mx200m)  Number  37,005 39,498 40,159 29,994 
Porosity - 0.16 ~ 0.83 0.18 ~ 0.44 0.14 ~ 0.44 0.05 ~ 0.61 
Sandstone Ratio - 0.821 0.675 0.669 0.498 
Sweep Efficiency - 0.25 0.25 0.25 0.25 
Gas Saturation - 0.50 0.50 0.50 0.50 
Density of CO2 (kg/m3) 325.4 ~ 640.9 463.9 ~ 650.2 465.7 ~ 650.9 548 ~ 650.9 
Viscosity of CO2  (10-5 Pa-s) 2.52 ~ 5.13 3.4 ~ 5.27 3.41 ~ 5.28 4.1 ~ 5.28 
Storage Volume  (km3) 242.3 143.0 166.0 126.2 309 
Storage Capacity (Gt-CO2) 4.93 
3.01 3.27 2.53 6.28 
 
 
(a) (b) (c) 
Fig. 11. Potential areas of review of the 3 reservoir candidates: (a)Reservoir –I; (b)Reservoir –II; (c)Reservoir -III 
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4.2 Identification of available test zone (pilot test; site scale; <10 kt-CO2) 
 
A target amount of 10,000 tons CO2 has been planned for a pilot injection to observe the fate of injected CO2 
and to carry out a scientific validation prior to a larger scale CCS deployment. The pilot drilling has shown a lot of 
possibilities to identify available test zones.  
As a consensus in between Sinotech and Tai-Power, preferred injection test zone for pilot test are planned 
within the Reservoir-II. Table 3 shows the locations of 3 available test zones within the Reservoir-II. The 
thicknesses of selected test zone (Zone-1, Zone-2, and Zone-3) are in ranges of 2~5m to ensure an accountable 
arrival time from the injection well to a nearby monitoring well. The exact location should be further evaluated by a 
close-by well development to check the continuity of selected thin target formation between wells. Fig. 12 and Fig. 
13 show respectively the geological model and depth dependent formation parameters for identification of available 
test zone for the future Pilot Test. 
 
Table 3. Selection of 3 available pilot test zones within the Reservoir-II 
Zone I.D. Zonation 
Depth 
 (mRT) Thichness 
(m) Porosity 
Permeability 
(mD) 
From To 
Zone 1 
Cap Zone 2,285.5 2,305 19.5 0.155 0.0009 
 Injection Zone 2,305.0 2,307.5 2.5 0.330 26.6 
Zone 2 
Cap Zone 2,327.0 2,334.0 7.0 0.13 0.0001 
 Injection Zone 2,334.0 2,337.5 3.5 0.310 11.4 
Zone 3 
Cap Zone 2,337.5 2,352.0 14.5 0.210 0.1 
 Injection Zone 2,352.0 2,356.5 4.5 0.323 19.9 
 
 
 
Porosity 
 
Permeability 
Fig. 12. Geological model of available injection test zone for pilot test  
(inside Reservoir-II) 
 
 
4.3 Effectiveness of intra-formation seals 
 
It has been noted that very frequent changes of thin layers of sandstone and shale (or siltstone) reflect a storage 
mechanism exhibiting an intra-formational seal nature of the studied sedimentary foreland basin, and it may 
constitute a major challenge for the future sequestration design and operation. 
Mechanism of intra-formational seals (IFS) had been described in Report of cap rock systems for CO2 
geological storage by IEA Greenhouse Gas R&D Programme (IEAGHG, 2011 [11]). It has also been noted that IFS 
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can provide a baffling or barrier to vertical migration and increases the possibility of sub-horizontal migration / 
dispersion away from the injection site.  
Equally important, IFS has the benefit of accessing to a higher proportion of the storage reservoir pore space 
depending on the horizontal and vertical extent of the seal. Due to the reduction in vertical permeability, it can 
thereby create a more tortuous migration pathway for the CO2 enhancing residual gas trapping dissolution and more 
effective use of the potential storage volume (Gibson-Poole et al., 2009[12], Kameya, et al., 2010 [13]). 
 
Fig. 13. Depth parameters of available injection test zone for pilot test (inside Reservoir-II) 
 
More precise geological model had been established according the findings by the M-1 deep drilling and 
detailed core inspection. The analysis of various carbon plume migration scenarios using the relevant input 
parameters  had  been  primarily simulated  with  TOUGH2  code,  and  associated  geologic risk  levels  are  both  
qualified, if not quantified,  using  available  and  relevant  risk analysis tools. 
Table 4 shows the locations of all best available storage subzones within the candidate Reservoirs (I, II, III). 
The thicknesses of these selected injection subzones are in range of 9~37m. It should be noted that some unlisted 
subzones may still exist and become applicable layers for injection design in a less conservative selection approach. 
By the data shown in Table 4, IFS migration scenarios for a commercial scale injection, with annual amount of 1 
Mt-CO2, are studied and the results depicted in Fig. 14.  
These plots show a storage duration covering 20-year of injection and subsequent 500-year of continuous 
monitoring. The CO2 injection span in a well may have to be enlarged to cope with the intra-formational injection 
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subzones within each of the reservoir.  
The pressure induced surrounding the reservoir and cap rock must be monitored to ensure the injection safety. 
The pressures observed in these scenarios where the injection induced pressures are basically limited in an 
acceptable range. The maximum CO2 migration distances after 520 years are observed to be at the ranges of 3~4 km. 
In a risk point of view, the storage safety in terms of induced pressures and migration distances can be ensured when 
suitable reservoirs with sufficient thick cap rocks in a storage site characterized by Intra-Formation Seals.   
 
 
Table 4. Locations of best available storage subzones within the 3 candidate Reservoirs  
Reservoir 
ID 
Sub-Zone 
ID 
Formation 
Name 
M-1 Depth  
(mRT) 
Effective 
Thickness 
(m) 
Porosity 
Absolute 
Permeability 
(mD) From To 
Reservoir -I 
CL01 Π೽ڑើቫ! 1,958 1,967 9 0.42 710.0 
CL02 Π೽ڑើቫ! 1,990 2,010 20 0.32 17.5 
CL03 Π೽ڑើቫ! 2,050 2,095 45 0.35 59.3 
CL04 Π೽ڑើቫ! 2,095 2,129 34 0.32 17.5 
Reservoir -II 
KCL01 ਦԮ݅ቫ! 2,365.5 2,386 20.5 0.32 19.0 
KCL02 ਦԮ݅ቫ! 2,396 2,414 18.0 0.32 18.5 
KYS01 ᢀॣξࣳ۟! 2,445 2,481.5 36.5 0.33 30.5 
KYS02 ᢀॣξࣳ۟! 2,527 2,560 33.0 0.34 40.0 
Reservoir -III 
TL01 Ѻജࣳ۟! 2,712 2,727 15 0.31 11.4 
TL02 Ѻജࣳ۟! 2,750 2,766 16 0.35 59.3 
PL01 чቧࣳ۟! 2,836 2,850 14 0.28 2.84 
PL02 чቧࣳ۟! 2,861 2,898 37 0.29 4.59 
 
  
(a) Year 20, Reservoir -I (b) Year 520, Reservoir -I 
  
(c) Year 20, Reservoir -II (d) Year 520, Reservoir -II 
 
(e) Year 20, Reservoir -III (f) Year 520, Reservoir -III 
Fig. 14. Migration scenarios of CO2 plume saturation in case of commercial scale injection 
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5. Concluding Remarks 
 
The pilot test is an on-going project in which the TPCS-M1 3000m drilling project has been taken as a 
pioneering task. Whatsoever, some concluding remarks can be drawn according to drilling results of the M-1 well 
and shown as follows: 
Δġ Results of the TPCS-M1 project indicate that the rock formations located deep down a deep saline aquifer 
and within the Tai-Hsi foreland basin are feasible for planning the carbon capture and storage (CCS) 
development especially for those Tai-power’s coal-fired power plants nearby the preferred site. 
Δġ By the drilling investigation, best available storage subzones within three candidate Reservoirs (I, II, III) 
can be identified. The typical thicknesses of these selected injection subzones are in range of 9~37m. 
Overall effective storage capacities within these Reservoirs are estimated to be no less than 13 Gt-CO2.   
Δġ The project findings of M-1 well also demonstrate that the preferred test site nearby Tai-chung coal-fired 
power plant is not only suitable for a small amount pilot injection test, but also a commercial scale site for 
sequestering large amount anthropogenic carbon emission from coal-fired power plant. 
Major recommendations for the future works are depicted as follows: 
Δġ The exact location of selected injection zone should be further evaluated by a close-by well development to 
check the continuity of selected thin target formation between wells. 
Δġ The coring in between depth from the ground to 1500mRT should be considered to take place if a close-by 
well development is designed. In such a way, some cap and reservoir couplets might be additionally 
defined from rock formation within depth ranges above 1500mRT. 
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